Recent experimental findings suggest that the problem of catastrophic failure by shear band propagation in monolithic bulk metallic glasses (BMGs) can be mitigated by forming two-phase composites consisting of a glassy metal matrix phase and a soft crystalline reinforcement phase.
Monolithic bulk metallic glasses (BMGs) are characterized by their near theoretical strength, and large elasticity limit [1, 2] . On the other hand, monolithic BMGs exhibit limited amount of global plasticity prior to catastrophic failure via the propagation of highly localized shear bands [2] . Recently, a new class of composite metallic systems has emerged, where the amorphous metal constitutes the matrix phase and soft crystalline dendrites form the reinforcement phase [3, 4] . Experiments suggest that the problem of catastrophic failure by highly localized shear banding in monolithic BMGs can be mitigated by introducing such two-phase microstructures, wherein ductile crystalline dendrites can promote strain localization at multiple sites throughout the sample and act as microstructural arrest barriers to shear band propagation. The result is a stable BMG composite against catastrophic single shear band propagation [5] [6] [7] . While it has been recently suggested that ductility, tensile and fatigue strengths of BMG composites can be enhanced by tailoring the microstructural length scales of the crystalline domains (characterized by the primary and secondary dendrite arms) [6, 8] , the roles of reinforcement size and morphology on the deformation patterns of these composites have not been fully explored.
In this Letter, we employ the diffuse-interface approach introduced recently by Abdeljawad and Haataja [9] to investigate the size and morphology-dependent mechanical properties of BMG composites under simple shear. We demonstrate that in addition to the area fraction of the ductile phase, tailoring the spatial length scales associated with the dendrites plays a key role in the deformation behavior and mechanical properties of BMG composites.
Traditionally, the focus of theoretical work has been on either atomistic properties of BMG composites, which are difficult to scale up [10, 11] or mesoscale descriptions of strain localization in monolithic BMGs, which incorporate shear transformation zones (STZs) as the main carrier of plasticity in mean-field theory [12, 13] . In contrast, the phase-field approach from Ref. [9] naturally accounts for the presence of structural heterogeneities at a coarse-grained level in the glassy phase, the presence of ductile particles, and the formation and propagation of shear bands, which at the atomic level result from the sequential triggering of local STZs. In this model, strain localization via shear banding is modeled as a phase transition between "unslipped" and "slipped" states.
Within the diffuse-interface formalism and in 2D, a nonlinear form for the deformation energy of a BMG system is written in terms of the spatial derivatives of the displacement 2 field u(r, t) as [9] 
where u ij ≡ ∂u i /∂x j . K(r) and µ(r) denote the bulk and shear moduli, respectively, while ∆(r) sets the local shear strain and controls the energy barrier associated with slip events.
In the crystalline phase, ∆(r) is constant [14] , while in the glassy phase, structural heterogeneity is incorporated by treating ∆(r) as a quenched, Gaussian random variable [15] with average ∆(r) = ∆ 0 and a two-point correlation function [∆(r)
where σ 2 and ξ ∼ 5nm denote the variance of the distribution and a structural correlation length corresponding to the STZ size, respectively. As usual in phasefield approaches, the last term in Eq. 1 contains higher order gradients in the displacement field and, phenomenologically, suppresses strain gradients on scales < ∼ W/ √ µ, where W is an effective interfacial energy. Finally, the dynamics of the dimensionless displacement field follow from
where Γ * and η * are dimensionless parameters controlling the elastic wave speed and the damping characteristics of the system, respectively. BMG systems were simulated under simple shear with a net macroscopic strain of 18%. The dynamical equations for the displacement field were integrated on a 512×512 uniform lattice with ∆x = ∆y = 1.0 and a time step ∆t = 0.003. η * = 80 and Γ * = 240 were chosen such that stresses relax effectively instantaneously relative to the externally imposed (dimensionless) strain rate, 2 × 10 −4 . To simulate simple shear, the top edge of the simulation box was displaced relative to the bottom edge at the prescribed strain rate, while periodic boundary conditions were employed lengthwise.
In order to investigate the role of microstructure on the mechanical behavior of BMG composites, we model each dendrite as two perpendicularly intersecting ellipses, shown in started to form and propagate in the sample implying extensive plasticity prior to catastrophic failure. In Comp3, strain is still globally distributed with the appearance of pockets of localized strain. To quantify the instance of shear banding, we examined shear stressstrain curves for these composites, shown in Fig. 1(c) . In all composite systems, local slip events occur at ∼3% nominal strain but the composites continue to strain harden until the ultimate strength is reached. The BMG composite with smaller dendrites, Comp3, exhibits more ductility (total strain to failure) and a higher strength value than the ones with larger dendrites, Comp1 and Comp2. Nominal strain at the onset of shear banding is ∼ 9%, 11%, and 13% for Comp1, Comp2, and Comp3, respectively.
Next we quantify the microstructural effects by examining the total strain to failure γ f and ultimate strength σ uts as a function of both the area fraction φ and the characteristic length scale D associated with the dendritic particles. We simulated BMG composites with φ ranging from 10% to 40%. specifically, for a fixed φ, BMG composites with fine-scale microstructural features exhibit better mechanical properties than the ones with coarser crystal domains. In particular, these results suggest that for dendritic morphologies, the relevant length scale for the overall mechanical properties of the composites is (L a L b ) 1/2 , that is, the geometric mean of the dendrite arm length and width.
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